Electron spin relaxation in GaAsi_ x Bi x : Effects of spin-orbit tuning by Bi 

incorporation 
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The electron spin relaxation in n-type and intrinsic GaAsi-^Bij, with Bi composition < x < 0.1 
is investigated from the microscopic kinetic spin Bloch equation approach. The incorporation of Bi is 
shown to markedly decrease the spin relaxation time as a consequence of the modification of the spin- 
orbit interaction. We demonstrate that the density and temperature dependences of spin relaxation 
time in GaAsi-xBi^ resemble the ones in GaAs. Meanwhile, the Bir-Aronov-Pikus mechanism is 
found to be negligible compared to the D'yakonov-PereP mechanism in intrinsic sample. Due to the 
absence of direct measurement of the electron effective mass in the whole compositional range under 
investigation, we further explore the effect of a possible variation of electron effective mass on the 
electron spin relaxation. 

PACS numbers: 72.25.Rb, 71.70.Ej, 71.55.Eq 



Recently, the highly mismatched semiconductor alloys 
have received considerable interest due to their unusual 
compositional dependences of electronic and spintronic 
properties^ - — These alloys are typically obtained by iso- 
electronic doping of very light or very heavy elements into 
the traditional binary. For example, dilute incorporation 
of N or Bi into GaAs is found to induce a strong reduction 
of the band gapi~— This property makes them a focus 
of current researches in long-wavelength optoelectron- 
ics and shows great potential to work as highly efficient 
solar cell and thermoelectric power generators.— "—i 9 - - — 
The alloys GaAsi-ajBi^, which have been less investi- 
gated than GaAsi-^Na,, have great potential for device 
applications! 9 ' 13 ' 1 One reason is that the incorporation 
of Bi modulates the band gap primarily through dis- 
torting the valence-band edge and leaves the conduction 
band almost unchanged, while N in GaAs mainly modu- 
lates the conduction-band edge and results in a substan- 
tial degradation of electron mobilityii2~— Moreover, a 
strong enhancement of spin-orbit splitting energy is ob- 
served in GaAsi-^Bi^i^— This indicates a new way of 
tailoring the spin-orbit coupling (SOC) through Bi incor- 
poration and hence suggests its application in the field of 
spintronics4^ A systematical calculation of the electron 
spin lifetime in GaAsi-^Bi^ is of fundamental impor- 
tance for both theoretical and application purposes. 

In this work, we employ the microscopic kinetic spin 
Bloch equation (KSBE) approach)^— which has been 
demonstrated to be successful in the study of spin 
dynamics in semiconductors, 18 to calculate the elec- 
tron spin relaxation time (SRT) in n-type and intrinsic 
GaAsi^ajBij,. We focus on the electron spin relaxation 
from the D'yakonov-PereP (DP) mechanism^ 9 , in n-type 
case and further take into account the Bir-Aronov-Pikus 
(BAP) mechanism— in the intrinsic condition. Both 
mechanisms are shown to be pronouncedly enhanced in 
GaAsi-zBia, and result in enhanced spin relaxation rate 



when Bi composition increases. Meanwhile, the BAP 
mechanism is recognized to be still negligible in the in- 
trinsic case as in GaAs;21 The density and temperature 
dependences of the SRTs are explicitly studied, where 
the features are found to resemble those in GaAsi^I In 
addition, we discuss the impacts of possible variations 
of the electron and/or hole effective masses on the spin 
relaxation in GaAsi-^Bij,. 

The KSBEs derived from the nonequilibrium Green 
function method read a 15 ' 16 ' 18 



coh 



d t pk\ 



(1) 



in which pk is the single-particle density matrix of elec- 
trons with its diagonal term representing the distribution 
of each spin band and the off-diagonal term denoting the 
correlation between the two spin bands. The coherent 
terms <9tpk|coh describe the spin precession of electrons 
due to the Dresselhaus SOC 22 as well as the Hatree-Fock 
Coulomb interaction. <9 t pk| S cat stands for the scattering 
terms, including the electron-impurity, electron-phonon, 
electron-electron and electron-hole Coulomb scatterings, 
and also the electron-hole exchange scattering. The ex- 
plicit expressions of both coherent and scattering terms 
can be found in Ref . l2ll 

The incorporation of Bi influences the spin relaxation 
via both the DP and BAP mechanisms through the mod- 
ulations of the band gap E g and the spin-orbit splitting 
Aso- The compositional dependences of E g and Aso 
are obtained by linear fittings of the experimental results 
summarized in Fig. 3(c) of Ref. S E g = (1.435-7.0af) eV, 
and A so = (0.329 + 5.27a:) eV. The electron effective 
mass to* is taken to be fixed to its value in GaAs m-GaAsj 
which is supported by the direct Shubnikov-de Haas mea- 



surement of 



and also the mobility experiment. 
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The coefficient of the Dress elhaus SO C ta kes the form 
7 d = (4/3)( m * e /m cv )(l/^2mfE g )( V /^T^/3) ' 



which i] = A so /(E g + A S o), and m c 



m 

is a constant 
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close in magnitude to the free-electron mass Be- 
sides, the longitudinal-transverse splitting, which is a 
scale of the electron-hole exchange interaction (we ne- 
glect the short-range electron-hole exchange interaction 
due to its marginal effect 21 ), is given as A£?lt = 
2e 2 h 2 E P /(3Tre Km al ohl E 2 g ). Here flBohr denotes the ex- 
citon Bohr radius in bulk, k is the static dielectric con- 
stant, and Ep is the band parameter^! In GaAsi-^Bij;, 
k, Ep and also the hole effective mass (which influences 
QBohr together with the electron-hole Coulomb scatter- 
ing) are still not well investigated and are assumed to 
be the values in GaAs. In Fig. [TJ we plot the Bi- 
compositional dependences of jp> and A-Elt- It is seen 
that both jd and AEur are markedly enhanced with the 
increase of Bi composition and reach up to roughly four 
times of their original values when x = 10 %. Therefore, 
the electron spin relaxation from both the DP and BAP 
mechanisms is expected to be remarkably strengthened 
thanks to the incorporation of Bi in GaAs. However, con- 
sidering that the BAP mechanism is demonstrated to be 
negligible compared with the DP mechanism in the in- 
trinsic GaAsj^i its effect is still expected to be marginal 
in the presence of Bi incorporation. In the following, we 
calculate the SRT in n-type and intrinsic GaAsi_ x Bi x 
from the KSBE approach with all scatterings explicitly 
included. 
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FIG. 1: The SOC parameter 70 and the longitudinal- 
transverse splitting A_Blt as function of Bi composition. Note 
that the scale of A_Elt is on the right hand side of the frame. 

We first investigate the Bi-compositional dependence 
of the SRTs in GaAsi^Bi^. In Fig. H the SRTs as func- 
tion of the Bi composition are plotted for both n-type 
and intrinsic conditions at T = 300 K. We consider three 
electron densities from n-doping or photoexcitation, i.e., 
10 16 , 10 17 and 10 18 cm" 3 , corresponding to the nondc- 
generate, intermediate, and degenerate regimes, respec- 
tively. One observes that the SRTs significantly decrease 
with the increase of Bi incorporation. In all conditions, 
the SRTs decrease with the increase of Bi composition 
and reach values around one order of magnitude smaller 
than the corresponding Bi-free ones at x = 10 %. An- 
other feature shown in Fig. [2] is that, for both n-type 
(solid curves) and intrinsic (dashed curves) cases, the 
SRTs first increase and then decrease with increasing 
electron densities. This nonmonotonic density depen- 
dence of the SRT resembles the one in GaAs and is at- 



FIG. 2: (a) SRT r s as function of Bi composition at temper- 
ature T = 300 K. For n-type condition with electron densities 
116 , 10 17 and 10 18 cm" 3 (solid curves) and for intrinsic 
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condition with photoexcitation densities n cx = 10 , 10 and 
10 18 cm -3 (dashed curves), (b) The ratio of the SRT due to 
the BAP mechanism tbap to that due to the DP mechanism 
top corresponding to the intrinsic condition in (a). Note that 
the same color and type of line and point are used for the 
corresponding photoexcitation density. 



tributed to the crossover from the nondegenerate to de- 
generate limit It is also noticed that the curves cor- 
responding to the n-type and intrinsic cases at electron 
density 10 16 cm -3 coincide with each other. The under- 
lying physics is that at high temperature and low electron 
density, the electron-phonon scattering is dominant while 
all other scatterings are irrelevant. With the increase 
of the electron density and hence also the correspond- 
ing impurity or hole density, the electron-impurity and 
electron-hole scatterings are strengthened, which leads 
to a considerable difference between the n-type and in- 
trinsic cases. Accordingly, the differences of the corre- 
sponding curves with the same electron density are ob- 
served. We further address the relative importance of 
the DP and BAP mechanisms in intrinsic GaAsi-^Bi^. 
In Fig. \T(b), we plot the ratio of the SRT due to the 
BAP mechanism, tbap, to that due to the DP mecha- 
nism, tdp, in the conditions corresponding to Fig. [Ha). 
It is seen that tbap/^dp is insensitive to the composi- 
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tion of Bi, which results from the comparable increas- 
ing rates of 7£> and A-Elt with Bi-doping as shown in 
Fig. [T] Meanwhile, tbap /tdp increases with increasing 
electron density but remains larger than 40. Thus the 
BAP mechanism is negligible in intrinsic GaAsi-^Bij; as 
expected^ Furthermore, taking into consideration the 
experimental evidence of an increase of the hole effec- 
tive mass in GaAsi-^Bia^ ' 26 ! 27 we perform the calcu- 
lation of the SRT in intrinsic GaAsi-^Bia, by doubling 
the heavy- and light-hole effective masses. The obtained 
SRTs for all three photoexcitation densities remain al- 
most unchanged, thanks to the marginal effects of the 
electron-hole Coulomb and exchange scatterings at room 
temperature. 



experimentall y 28 ! 29 and theoreticall y 21 ! 25 in GaAs and 
the underlying physics lies in the drastic increase of 
the inhomogeneous broadenin g 15 ! 16 due to the ascend- 
ing temperature. Moreover, the giant tailoring of SRTs 
resulting from the incorporation of Bi at all temperatures 
is seen in the figures. 

TABLE I: Coefficient of the Dresselhaus SOC 7zj 
and longitudinal-transverse exchange splitting AEur in 
GaAso.98Bio.o2 for different electron effective masses. 



m* (mGaAs) 


0.5 


1.0 


1.5 


7d (eV- A 3 ) 
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17.67 


14.43 


A£ L t (meV) 


0.02 
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0.22 
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FIG. 3: SRT t s as function of temperature for four Bi com- 
positions: x = 0, 0.01, 0.02 and 0.1. (a) n-type condition with 
electron density n e = 10 17 cm -3 and (b) intrinsic condition 
with photoexcitation density n ex = 10 17 cm -3 . The STRs in 
GaAso.98Bio.02 calculated by artificially using electron effec- 
tive masses 0.5mG a As (dashed curves with □) and 1.5mGaAs 
(dashed curves with 0) are also plotted, (c) The ratio of the 
SRT due to the BAP mechanism tbap to that due to the DP 
mechanism tdp in intrinsic GaAso.9sBio.02 for three electron 
effective masses. Note that the same color and type of line 
and point are used for the corresponding ml in (b). 

We then investigate the temperature dependences of 
the SRTs in both n-type and intrinsic GaAsi-^Bi^ with 
the electron density 10 17 cm' 3 for different Bi com- 
positions x = 0, 0.01, 0.02 and 0.1. One observes 
from Figs. (3Ja) and [31(b) that in all cases, the SRTs 
decrease monotonically with the increase of tempera- 
ture. This behavior has formerly been studied both 



It is noted that the electron effective mass in 
GaAsi-^Bia, from a direct measurement is only avail- 
able for Bi composition up to x — O.OIj^ Although it is 
argued to stay untouched under Bi incorporation ; 9 ' 13 ! 14 
there are also works suggesting an increasin g 30 ! 31 or a 
nonmonotonic 32 behavior with the increase of Bi com- 
position. Therefore, it is meaningful to perform an in- 
vestigation to include the possible modification of the 
electron effective mass in GaAsi-^Bi^. For simplicity, 
we calculate the temperature dependence of the SRTs in 
both n-type and intrinsic GaAs .9sBio.o2 by artificially 
setting the electron effective mass m* = 0.5mGaAs and 
1.5mGaAs- The possible variation of the electron effec- 
tive mass is reasonably covered within this range . 31 ! 32 
We indicate the obtained SRTs with dashed curves in 
Figs. [3]Ja) and Efb), accordingly. It is seen that, the 
variation of to* markedly changes the specific values, to- 
gether with the temperature dependence of the SRTs. In 
order to elucidate this behavior, we calculate the vari- 
ation of 7d and A£"lt from the change of electron ef- 
fective mass. From Table. I, one notices that 7c visibly 
decreases with the increase of to*, while the reverse is 
true for AElt- One may hence expect the BAP mech- 
anism to play a role in the spin relaxation in intrinsic 
GaAsi-zBia; if to* does increase. However, a detailed 
calculation of tbap /tdp shown in Fig. [3jc) indicates that 
the BAP mechanism is still negligible in the intrinsic case. 
This is analyzed as follows. The overall coefficient of the 
long-range electron-hole exchange scattering is actually 
proportional to a^ ohr AE LT rather than A£ LT alone, 21 
and hence is independent of to*. Therefore, only slight 
change of tbap / Tdp with the increasing to* is observed 
in Fig. OUc). We then focus on the DP mechanism. The 
variation of the electron effective mass influences the DP 
spin relaxation in two ways: (i) it modulates the coef- 
ficient of the Dresselhaus spin-orbit coupling 7^; (ii) it 
changes the energy spectrum together with the electron 
distribution and hence modifies both the inhomogeneous 
broadening and the scattering. With the increase of to*, 
on one hand, decreases and hence tends to suppress 
the spin relaxation; on the other hand, the electrons are 
more easily thermalized to high k states in the case of 
a flatter energy spectrum. This results in a larger inho- 
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mogeneous broadening and hence tends to enhance the 
spin relaxation (which is obvious when the change of the 
inhomogeneous broadening overcomes that of the scatter- 
ings). At high temperature, the latter factor dominates, 
so larger to* implies smaller r s . At low temperature, the 
situation is reversed. Accordingly, the crossovers are seen 
in Figs.[3][a) and^b) [although less obvious in Fig.^b)]. 

In summary, we have investigated the electron spin 
relaxation in n-type and intrinsic GaAsi-^Bia; with Bi 
composition < x < 0.1 by applying the fully micro- 
scopic KSBE approach. The variations of the band gap 
and the spin-orbit splitting energy are explicitly consid- 
ered. We show that the electron spin relaxation time 
decreases significantly by the incorporation of Bi, which 
suggests potential applications of GaAsi-zBiz in the en- 
gineering of spintronic devices. The density and temper- 
ature dependences of the SRT are studied for different Bi 



compositions, with their behaviors found to resemble the 
ones in GaAs. Meanwhile, we show that the BAP mech- 
anism is negligible compared to the DP mechanism in 
the intrinsic condition. Moreover, due to the absence of 
unambiguous experimental data of to* in the whole com- 
positional range under investigation and also the existing 
contradictions in the literature, we perform calculations 
to include the possible variation of to* with the change of 
Bi incorporation. Profound impacts on the explicit value 
together with the temperature dependence of the SRT 
are found. This makes the precise measurement of to* in 
GaAsi-ajBi^ highly desirable from both theoretical and 
engineering points of view. 
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